Using a combination of X-ray scattering, fluorescence correlation spectroscopy, coarse-grained molecular dynamics (MD) simulations and potential of mean force calculations, we have explored the membrane remodeling effects of monomeric α-synuclein (αS). Our initial findings from multiple approaches are that αS (1) causes a significant thinning of the bilayer and (2) stabilizes positive mean curvature, such that the maximum principle curvature matches that of synaptic vesicles, αS-induced tubules, and the synthetic lipid vesicles to which the protein binds most tightly. This suggests that αS binding to synaptic vesicles likely stabilizes their intrinsic curvature. We then show that αS induces local negative Gaussian curvature, an effect that occurs in regions of αS shown previously via NMR and corroborated by MD simulation to have significant conformational flexibility. The induction of negative Gaussian curvature, which has implications for all curvature-sensing and curvature-generating amphipathic α-helices, supports a hypothesis that connects helix insertion to fusion and fission of vesicles, processes that have recently been linked to αS function. Then, in an effort to explain these biophysical properties of αS, we promote an intrinsic curvature-field model that recasts long-range protein−protein interactions in terms of the interactions between the local curvature fields generated by lipid−protein complexes.
■ INTRODUCTION
Proteins that induce and stabilize membrane curvature facilitate fusion and fission of phospholipid vesicles. Two modes of curvature that are associated with the formation of fusion and fission intermediates are positive mean curvature and negative Gaussian (or saddle) curvature. For example, positive mean curvature is associated with the strongly curved membrane bulge present in early fusion intermediates. 1 While mean curvature is more easily characterized than Gaussian curvature, the two can be intimately linked. In both fusion and fission, the presence of positive mean curvature requires a rim of negative Gaussian curvature (i.e., Helfrich's hat model 2 ) to allow for the transition from the source vesicle to the bulging fusion/fission intermediate. Membrane fusion is rendered relatively more favorable by a decrease in the magnitude of the negative Gaussian curvature modulus (proportional to the energy of Gaussian curvature), whereas fission is rendered relatively more favorable by an increase in the magnitude of the negative Gaussian curvature modulus. 3 Some amphipathic, α-helical proteins are known to sense and generate curvature in lipid bilayers. 4 In certain cases these proteins enhance vesicle fusion through inducing a membrane bulge (e.g., the membrane proximal region of gp41 from HIV-1), 3 while in other cases they can enhance vesicle fission (e.g., N-BAR protein). 5, 6 Positive mean curvature induction and sensing has been studied extensively, through experiments on model systems, 6−9 molecular dynamics simulations, 10−14 mesoscopic modeling, 15−17 and theory, 3,18−20 and a consensus is building as to the physical driving forces that dictate this phenomenon. Only recently has a hypothesis been put forth that connects amphipathic helix insertion to membrane fission, positing that protein-induced positive spontaneous curvature results in significant negative values of the Gaussian curvature modulus. 3 A number of amyloid proteins form amphipathic α-helices upon binding to anionic lipid membranes. These proteins and their associated diseases include Aβ in Alzheimer's disease, islet amyloid polypeptide (IAPP) in type II diabetes, and αsynuclein (αS) in Parkinson's disease (PD), which is the focus of this study. αS is a 140 amino acid, natively unfolded protein that is the major proteinaceous component of insoluble fibrillar Lewy bodies, a hallmark of PD. 21 The precise roles of both native and pathological forms of αS remain unclear, including the range of physiologically observed oligomeric states. 22 However, the interaction of monomeric αS with cellular membranes is now thought to be critical to its native function and potentially to its role in PD as well. 21, 23 Multiple lines of evidence suggest that native αS is involved in regulating synaptic vesicle trafficking, fusion, and fission. 9,21,24−27 Recently, Kamp et al. showed that αS is capable of inhibiting fusion of small unilamellar vesicles (SUVs), leading to their hypothesis that αS inhibits membrane fusion by stabilizing the highly curved, stressed bilayer. 23 αS has also very recently been shown to fragment mitochondrial membranes, with the suggestion that this action reflects the protein's ability to induce membrane fission. 28 Significantly, the physical mechanisms through which monomeric αS exerts its influence on vesicle fusion and fission have not been described.
We have previously shown that monomeric αS binds with substantially greater affinity to lipid vesicles of high curvature. 9 Specifically, αS displays only a weak curvature dependence for binding to large unilamellar vesicles (LUVs) ranging in diameter from 75 to 180 nm; however, the binding affinity increases by more than an order of magnitude for ∼45 nm diameter SUVs, which most closely mimic the size of synaptic vesicles. Additionally, it has been shown that at very high protein:lipid ratios (1:40) αS induces vesiculation and tubulation of giant unilamellar vesicles (GUVs), where the tubules have a diameter of ∼40 nm. 7 Vesicle curvature has therefore emerged as a central theme in understanding the native function of αS.
Several biophysical studies have suggested that binding of monomeric αS to small vesicles stabilizes their inherent curvature, thereby reducing their propensity to fuse. 23, 27, 29 It is therefore of interest to characterize the structural and mechanical changes induced in a membrane by αS. Here, we have used a combination of X-ray scattering and molecular dynamics (MD) simulation to probe αS-induced thickness changes and curvature induction in membranes built (both in vitro and in silico) to mimic GUVs. We report four major remodeling effects. Namely, αS (1) thins the membrane, (2) stabilizes regions of positive mean curvature, (3) induces negative Gaussian curvature, and (4) slows membrane dynamics.
■ RESULTS
Low-angle X-ray scattering (LAXS) experiments on oriented bilayer stacks ± αS were performed to interrogate the effect of the protein on the thickness of the bilayer. The bilayers were a mixture of 1-palmitoyl-2-oleoyl-sn-phosphatidyl-L-serine (POPS)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (PS/PC) at a 1:3 mole ratio. The αS sample was prepared at a 1:200 protein:lipid ratio. As in previous studies, we used a truncated αS (residues 1−100), which encompasses the complete extended helix lipid binding domain. 29, 30 The protein concentration used here is an order of magnitude lower than the αS binding saturation level (protein:lipid ratio of 1:20) and was chosen to minimize potential αS−αS interactions while providing high enough signal-to-noise ratio for LAXS experiments. 7, 9, 31 At this concentration we did not observe any vesiculation or tubulation, and there were no observable specific αS−αS interactions or aggregation, as measured by fluorescence correlation spectroscopy (see Figure S1 in the Supporting Information); however, at this protein:lipid ratio nonspecific interactions are likely present. The partition coefficient of truncated αS was found to be 2.55 × 10 5 ± 4.22 × 10 4 , which suggests almost complete binding of the protein under our conditions. Figure 1A presents the experimentally derived bilayer form factors (F expt (q z )) for both pure and αS-bound bilayers and clearly indicates that αS binding thins the membrane (the curve shifts to higher q). Extracting detailed structural information from F expt (q z ), e.g., the extent of the thinning and the location of the protein, is nontrivial. 32− 35 We have taken two approaches to do so. First, we have adapted a recently developed modeling approach (the scattering-length density profile, SDP, model) which relies on the conservation of volume probabilities to determine the overall electron density profile (from which bilayer thickness is extracted as the head-to-head spacing, D HH ). 36 Specifically, the SDP model fits experimental scattering data (either X-ray or neutron) by jointly minimizing χ 2 (evaluating the goodness of fit of F SDP (q z ) to F expt (q z )) and a penalty term (based on expected ranges for bilayer structural parameters previously determined from atomistic MD simulations). The resulting component volume probabilities can be scaled by the electron content of each group and summed to determine the electron density profile for the system. One solution to the SDP model, F SDP (q z ), is given in the overlay in Figure 1A and suggests that αS induces a ∼1 Å decrease in D HH (see the inset in Figure 1A ). While variable solutions of the SDP model consistently showed this extent of αS-induced membrane thinning, such an approach is limited in its capacity to elucidate details of protein-induced structural changes to the membrane, including curvature effects. We therefore utilized coarse-grained molecular dynamics (CGMD) simulations (specifically the MARTINI force field 37−39 ) as a second, more robust approach to resolve large-scale changes to membrane structure and dynamics. In the past several years, CGMD has been used extensively to study membranes and the effects of proteins on their structure. [11] [12] [13] 40, 41 In the sample preparation for the X-ray experiments, the protein is reconstituted into the bilayers through the organic phase and hence is bound to both leaflets. In contrast, in the more physiological scenario αS is bound only to the outer leaflet of a vesicle. Thus, to study both scenarios, we simulated four different system configurations: one pure PS/PC control system and three αS/PS/PC systems (αS on both leaflets, mimicking the X-ray experiments, referred to as the symmetric αS system; αS only on the outer leaflet, mimicking the presumed scenario of αS bound to a vesicle, referred to as the asymmetric αS system; and a single αS on the outer leaflet, referred to as the single-αS system, used to determine proteinlinked curvature effects in the absence of protein−protein interactions).
The pure and symmetric αS systems both contained 3200 lipids (1:3 PS/PC), with the protein system having a 1:200 protein:lipid ratio (8 proteins per leaflet). The asymmetric αS system contained 3016 lipids and a 1:377 protein:lipid ratio, with 8 proteins bound only to the outer leaflet, and the single-αS system had a 1:3176 protein:lipid ratio. The overall protein concentration was necessarily reduced in the asymmetric αS system to maintain a controlled degree of αS−αS interaction in the leaflet (relative to the symmetric simulation and to the experiment). Because insertion of αS into only one leaflet would inevitably lead to a lateral area mismatch between the two leaflets (and therefore a nonspecific induction of curvature), an extensive series of test simulations were run to determine how many lipids to remove from the outer leaflet such that the lateral area of both leaflets would be the same. Comparison of these test simulations provided a measure of sensitivity of the curvature fields to area mismatch due to an incorrect number of lipids. The effective lateral area per αS was equivalent to ∼23 lipids, with a sensitivity of approximately ±3 lipids having no discernible effect on the local curvature field (discussed below). This is consistent with the experimental value of 14−16 Å 2 per residue of an amphipathic helix bound to a lipid/water interface 42 (assuming an average surface area of 65 Å 2 per phospholipid in a PC−lipid bilayer 43 ). This calculated result also agrees very well with our previous experimental finding. 9 We therefore removed a total of 184 lipids from the asymmetric αS monolayer (a total of 24 lipids were removed in the single-αS system). Each system was simulated for a total of 40 μs, with analysis done with 4 ns resolution across the last 24 μs.
Regarding the protein itself, αS has been shown to adopt multiple distinct conformations, either an extended or a horseshoe helix, depending on the substrate curvature and composition. While the horseshoe helix was first proposed for detergent micelles and may also exist on lipid vesicles containing unphysiologically high concentrations of negatively charged lipids, electron spin resonance (ESR) and singlemolecule fluorescence resonance energy transfer (smFRET) suggest that the dominant form of αS on more physiologically sized vesicles is the extended helix; we therefore chose our initial αS starting configuration in this conformation. 30, 44 It is important to point out that this initial choice of secondary structure is constrained in the MARTINI CGMD force field, precluding any unfolding. 38 We have therefore run two sets of simulations for each system configuration (seven simulations in total) to minimize any associated artifacts. In the first, we modeled αS secondary structure as a continuous α-helix. While this conformation is unable to unfold into the horseshoe conformations, we observed significant flexibility (bending) of the protein in all directions throughout the simulations. In the second set of simulations, we simulated a broken helix where residues 38−44 were modeled as a random coil (referred to as the linker region). This model is consistent with the sodium dodecyl sulfate (SDS) micelle-bound NMR structure 45 and our previous MD study. 46 Throughout the broken-helix simulations (results for which are presented in the Supporting Information), the protein sampled both extended and horseshoe conformations, though consistent with experiment, the extended conformation was considerably more probable (see Figure S2 , Supporting Information). 43 For simplicity, we focus on the continuous, extended helix set of simulations, as the major findings reported here are relatively insensitive to this choice (see Figures S3−S8 and Table S3 , Supporting Information).
Regarding bilayer thickness, the simulation results are consistent with the X-ray data and the SDP fit, showing that αS induces a global bilayer thinning in both the symmetric and asymmetric αS systems. As we have noted previously, quantitative determination of D HH from CGMD is complicated by the low resolution of the model. 47 A more accessible measure is made via a second common definition of bilayer thickness, D PP , which measures the distance between the component number probabilities for the headgroups in the two leaflets (see Figure S3 , Supporting Information). The simulated change in D PP is ∼0.9 and 0.6 Å in the symmetric and asymmetric simulations, respectively.
The true value of molecular simulations is that they provide access to local, detailed information inaccessible to experiments. Figure 1B does just that, illustrating the local changes in bilayer thickness induced by αS, measured as ΔD PP = D PP,αS − D PP,Pure , for the asymmetric system (ΔD PP values for all systems are presented in Figure S4 , Supporting Information). For all αS systems, the thinning effect is slightly magnified near the protein, with the asymmetric and single-protein systems coming close to reaching the thickness of the pure system. This suggests that at higher protein density the magnitude of the global thinning effect may be considerably greater. Because these simulations are of large bilayers, all calculations from the simulated lipid coordinates required the proper handling of long-wavelength undulations, specifically defining the undulating reference surface and correcting for the broadening artifact imparted by undulations, for which we have recently developed the necessary computational methods. 48, 49 Each of the simulations consistently position αS (Z αS ) between the phosphate and the carbonyl-glycerol distribution, Z αS ≈ 17.5 Å from the bilayer center (∼3.5 Å below the peak in the phosphate distribution). Because these simulations were all initiated with αS in solution, there remained the possibility of a kinetic barrier to sampling deeper, potentially stable, protein positions. Thus, to determine the equilibrium location of αS in the membrane more carefully, we followed two distinct computational strategies. First, we calculated a potential of mean force (PMF), which reports on the thermodynamic energy as a function of the protein depth in the membrane, and thus can be used to predict the equilibrium value of Z αS on the basis of the lowest calculated energy. 50,51 PMF calculations have been used recently to explore both protein−protein and lipid−protein interactions (e.g., transmembrane α-helix packing and orientation as well as the partitioning characteristic of amphipathic α-helices into the bilayer). 50,52−55 To calculate the PMF, we relied upon the weighted-histogram analysis method, which applies a biasing potential to increase sampling of conformational space along a specific reaction coordinate. 51,55−57 As shown in Figure S9A (Supporting Information), the PMF predicts a strong energetic dependence on Z αS , with a minimum at 18.1 Å (∼3 Å below the phosphates). Second, we ran a series of unbiased simulations that were initiated with the protein at various depths in the bilayer (see Figure S9B ), each of which converged to a similar Z αS . Collectively, our computational results agree well with previously published EPR data which suggested that αS partitions between 1 and 4 Å below the headgroup phosphates. 58 The result is also roughly consistent with our previous all-atom simulation in a different bilayer. 46 In that case, we simulated the horseshoe helix conformation in a 100% PS bilayer and found that the protein embedded 3−5 Å below the headgroup phosphates. 46 Having established reasonable consistency with the X-ray experiments as regards overall bilayer structure, we turned our attention to curvature. Figure 2A shows snapshots from the asymmetric αS simulation, represented as a surface whose color map indicates the height deviations from the average (flat) phosphate surface. These surfaces are quite distinct from local thickness profiles ( Figure 1B ; Figure S4 , Supporting Information). Instead, they represent local monolayer surfaces and are descriptive of the curvature induction present in the protein-containing leaflet. (We see similar effects in the symmetric αS system, but focus on the more physiologically relevant asymmetric system from here on. A complete detailing of all curvature field surfaces for both rigid and flexible αS systems in the symmetric, asymmetric, and single-αS configurations can be found in the Supporting Information.) Throughout the simulation, it was visually clear that the lateral locations of αS were strongly correlated with regions of positive height (warm colors in the figure indicating local, positive monolayer curvature). This can be seen in Figure 2A (top), which shows the outer leaflet with the protein at two distinct time points, as well as in Figure S6A (Supporting Information), which shows the average height fluctuations at the location of each residue in the protein. Figure 2A (bottom) shows the inner leaflet at the same two time points and demonstrates a coupled remodeling of the bilayer between leaflets: proteins in the outer leaflet induce a correlated curvature in the proteinfree inner leaflet. In general, the time-averaged curvature effects are best interrogated by averaging over all proteins and recasting the bilayer as a whole in terms of the flexible midplane surface. Figure 2B does just this, presenting the time-and proteinaveraged bilayer topology map. Consistent with the individual snapshots shown in Figure 2A , αS sits atop a region of positive height (on a hill). The shape of the hill is quite interesting, with four main features: (1) it is ellipsoidal along the long axis of the protein, making it more of a ridge than a hill, (2) it is slightly skewed from the long axis of the protein, (3) the height of the hill is not constant along the protein, with a peak toward the Cterminal region, and (4) the hill gives way to a valley. Regarding the skew of the hill, we considered if this were due to protein− protein interactions, but see the same characteristic in the single-αS system ( Figure S5B, Supporting Information) . Interestingly, these anisotropies are reduced in the broken helix system ( Figure S5C) . Thus, the nuances of proteininduced changes in bilayer topology are likely dictated by sequenceperhaps due to regions of increased flexibility as we will discuss belowand suggest more complexity than is typically considered in the modeling of amphipathic α-helices as characterless rigid rods. Figure 2C presents a zoomed-in cross-section from the asymmetric system. We have chosen a snapshot where the curvature effect is visually obvious for illustrative purposes only and do not intend to suggest that two proteins in proximity (as pictured) are a requirement for curvature induction (they are not). In Figure 2C , the red arc defines the principle curvature κ 1 . 20 That is, the main curvature effect is in the direction orthogonal to the long axis of the protein (as described above, the protein sits on a ridge), a characteristic that has been recognized in other studies of amphipathic helix-induced curvature. 7, 18, 19 κ 2 is orthogonal to κ 1 , spans the longitudinal axis of the proteins, and is used in the calculation of the mean curvature.
To quantify the curvature effects, and to confirm that the effect is propagated across the two leaflets (as is apparent in Figure 2C ), we have calculated the time-and protein-averaged mean curvature field, ⟨κ m ⟩. These curvature fields describe the curvature along the membrane midplane and provide a description of the average local environment near the protein, where each of the individual protein's curvature fields are aligned relative to the protein's orientation and averaged over all proteins and time frames. For the symmetric αS systems, only proteins on a single leaflet were included in the averaging. Analysis of the inner leaflet produced consistent results relative to the leaflet orientation (i.e., an opposite sign for ⟨κ m ⟩). We find that, consistent with our expectation, αS colocalizes to regions of positive bilayer curvature. This, taken with the demonstration in Figure 2A , shows that αS curvature induction is communicated across the bilayer to the inner leaflet, consistent with the recent finding regarding αS-induced tubulation. 7 Figure 2D casts these findings in terms of the more familiar lipid vesicle diameter. Specifically, the plot illustrates how the local αS-induced curvature corresponds to the global curvature of a vesicle (i.e., its diameter) to which αS is bound. This diameter is calculated from the time-and protein-averaged principle curvature ⟨κ 1 ⟩ as D = 2/⟨κ 1 ⟩. Remarkably, the extrapolated diameter correlates almost perfectly with that observed in our experimental measurements of binding affinity, 9 the equilibrium diameters of αS-induced tubules, 7 and the size of synaptic vesicles 59 (D ≈ 40 nm in each case).
We note that, in the case of synaptic vesicles, possible interactions between αS and other synaptic proteins 60−62 may contribute to curvature stabilization/sensing. In the singleprotein system we see a similar pattern of mean curvature induction (see Figures S6 and S8 , Supporting Information), suggesting that the overall curvature effects of a high density of αS on the bilayer can most likely be attributed to the sum of local effects induced by single proteins.
In addition to the mean and principle curvatures, we have calculated the effect of αS on Gaussian curvature (κ g ), a property that can be associated with both fusion-and fissionfavorable intermediates. 3 κ g can be used to distinguish between a locally convex surface (κ 1 and κ 2 are both positive or both negative) and a local saddle (κ 1 and κ 2 have opposite signs). Negative values of κ g are associated with fusion or fission intermediate states. By definition, a flat periodic bilayer must have a globally averaged ⟨κ g ⟩ of zero; however, stabilized spontaneous curvature would induce a nontrivial locally averaged ⟨κ g ⟩. For our protein-free bilayer, all locally defined ⟨κ g ⟩ ≈ 0. Figure 3 presents the time-and protein-averaged local ⟨κ g ⟩ for the asymmetric system, showing that there is an induction of negative ⟨κ g ⟩ at the center of the helix, spanning almost one-third of the protein's longitudinal axis. Here, where the protein is positioned at the apex of a region of positive mean curvature (Figure 2 ), there is a Gaussian curvature field with regions of positive Gaussian curvature colocalized at the maxima and minima of the mean curvature field with a pronounced region of negative Gaussian curvature stabilized at the center of the protein. Additionally, each extreme in the mean curvature field is completely surrounded by a ring of negative Gaussian curvature. This is consistent with the Helfrich hat model. 2 To our knowledge, this is the first such demonstration of amphipathic α-helix-induced Gaussian curvature.
Most interestingly, the region of greatest negative Gaussian curvature is flanked by the linker region of the horseshoe helix conformation (experimentally shown to have increased disorder on highly curved substrates) and Gly67−Gly68, both of which are regions of αS that have been shown, under varying conditions, to have increased flexibility and disorder. 45, 46, 63 It has been hypothesized that conversion from the vesicle-bound extended helix to the horseshoe conformation may regulate the stability and fusion of docked synaptic vesicles. 27, 29, 64 The CGMD simulations in this study do not address this putative conformational switch. However, our observation of αSinduced, localized negative ⟨κ g ⟩ suggests the possibility that these regions of the protein may be important in future investigations of howand under which circumstancesαS may facilitate, rather than inhibit, fusion, as well as participate in fission.
Lastly, because fusion and fission are intimately linked to the rigidity of the membrane, and the formation of fusion/fission intermediates is a dynamic process, we have used the simulations to investigate the effects of αS on bilayer dynamics. Additionally, results from Figures 1 and 2 suggest competing influences: decreased thickness is often presumed to correlate with decreased rigidity, while increased static curvature may be presumed to correlate with increased rigidity. We therefore calculated a relaxation time, τ, for the membrane from the time correlation of the height surface (the monolayer representation as shown in Figure 2A ). This relaxation time provides a measure of the dynamics of the bilayer, as it characterizes the propagation of the thermally driven undulation waves. We have found that αS causes a 2 orders of magnitude increase in the undulation relaxation time (τ pure ≈ 5 ns and τ αS ≈ 500 ns for the pure and symmetric continuous helix systems, respectively). Whether and how this change in relaxation time relates to curvature and bilayer rigidity, and by extension fusion and fission processes, is an important and open question.
■ DISCUSSION
The processes of membrane fusion and fission involve rearrangement of the phospholipid bilayer into nonlamellar structures. Access to these structural states requires the bilayer to cross high-energy barriers, a process that can be facilitated, or inhibited, by proteins that change the membrane's structure and dynamics. These alterations can include, for example, reductions in thickness, curvature strain, and rigidity. The main goal of this study has been to understand how proteins such as αS can have such profound effects, both biophysically and biologically. The biophysical effects include enhanced binding affinity to highly curved bilayers, 9 inhibition of the fusion of small, synaptic-like vesicles, 23 and tubulation and vesiculation of large, flat membranes. 7, 28 Biologically, these effects include the stalling of vesicles in exocytic transport pathways 26 and fragmentation of mitochondrial membranes. 28 That the membrane binding region of αS, a relatively simple 100 amino acid α-helix, appears to have these multiple roles raises several important and fundamental questions about the biophysical interactions between amphipathic α-helices and membranes. In particular, what is the relationship between a protein's ability to sense and/or generate curvature? Are all amphipathic α-helices the same, or are there sequence requirements that endow specific curvature effects? That is, is it sufficient to view amphipathic helices as simple, rigid rods that insert into the membrane and cause it to bend?
The equilibrium diameters of curvature in our simulated systems correspond remarkably with those of the SUVs to which αS binds with greatest affinity and to the diameters of tubules induced in GUVs. This result supports the assertion that αS−lipid complexes possess an intrinsic curvature f ield ( Figure 2D ), which results from the balance of intermolecular interactions between a single protein, several shells of surrounding and affected lipids, water, and ions. We say that the curvature field is intrinsic because it represents the lowest energy state of the local membrane complex and is dictated by the specific protein and lipid type. In this more continuum-like view, protein−protein interactions within the membrane are recast as interactions between individual, intrinsic curvature fields. At high protein density, these interactions between fields reinforce curvature induction and can lead to global rearrangements of the bilayer, namely, tubulation and vesiculation. More specifically, when αS binds to a flat membrane (e.g., a mitochondrial membrane or a GUV), the process of curvature induction alleviates the nonequilibrium curvature stress as the system remodels to adopt its intrinsic curvature (this is the process we have simulated). Conversely, if αS interacts with a small lipid vesicle, one whose own intrinsic curvature field roughly matches that of the protein−lipid system, there is no net molecular driving force to cause the membrane to remodel. Instead, the protein stabilizes the highly curved vesicle through a reinforcement of the matched curvature fields. This notion should be used to explain the increased binding affinity of αS to highly curved vesicles (curvature sensing). Thus, curvature generation and sensing arise from the same set of thermodynamic driving forces; from a thermodynamics pointof-view, they are the same thing.
The results have important implications for physical and thermodynamic theories that address curvature induction via amphipathic α-helices. Current models treat the protein as a rigid rod that wedges into the lipid headgroup region of the bilayer. 3, 18, 19 This wedge increases the effective lateral area of the headgroups but, depending upon the depth of insertion, can have less of an effect on the lipid chains. This results in an area mismatch within the monolayer that must be reconciled by the induction of curvature. The specific character of the proteininduced curvature field, for example, the magnitude of curvature and the overall shape of the field (isotropic or anisotropic), has to this point been investigated in terms of amphipathic α-helical structure (namely, its length) and depth of insertion. 18, 19 It is in this context that we view αS as a particularly important molecule for understanding the generation of curvature that plays a central role in fusion (or its inhibition) and fission. Our finding that the transitions between phases of stabilized Gaussian curvature are precisely flanked by two highly flexible regions within αS ( Figure 3 ) strongly suggests that flexibility within helices, dictated by the specific amino acid sequence, is a highly important feature. That is, regions of increased protein dynamics correlate with the stabilization of negative Gaussian curvature, which is linked to the formation of fusion/fission-favorable intermediates.
Our findings indicate two defining features of the monomeric form of the αS amphipathic helix: (1) it is quite long (∼150 Å), and (2) it is very flexible. These features distinguish the protein from, for example, the well-studied N-BAR protein, which also generates curvature. N-BAR contains an amphipathic α-helix (H0), but unlike αS its curvature-inducing mechanism relies heavily upon a large scaffolding domain, as the H0 helix alone is insufficient to induce enough curvature to tubulate or vesiculate membranes. 11 H0 is quite short compared to the membrane binding domain of αS (3-fold fewer residues). Being significantly shorter, one expects the intrinsic curvature field for H0 to be more isotropic than that of αS, which due to its length is highly anisotropic ( Figure 2D ). Anisotropy in both the mean and Gaussian curvature fields allows for a directional alignment and reinforcement of neighboring proteins' fields when protein−protein interactions are important (as they are in Journal of the American Chemical Society Article dx.doi.org/10.1021/ja208316h | J. Am. Chem.Soc. 2012, 134, 2613−2620 tubulation and vesiculation, and as they would be expected to be in fission intermediates). We expect that this reinforcement effect is diminished in the case of a shorter protein such as H0. Indeed, we see evidence of this in the simulations of the horseshoe configuration of αS (see Figures S5−S8, Supporting Information, for evidence of more isotropic curvature fields). Of course, due to its length, H0 also lacks the same capacity for multiple flexible segments, so parsing curvature effects based on helix length and flexibility requires further investigation. Such research will be critical in building a complete and robust picture of how subtleties in sequence dictate the structure, dynamics, and function of amphipathic α-helices. Clarifying how these proteins alter membrane behavior will be a fundamental part in continuing efforts to understand both native and pathological mechanisms in cellular membrane biophysics, for example, in Parkinson's disease.
